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This repo r t  was prepared by the Boei ng Aerospace Company, Seat t le ,  
Washington, fo r  the Lewis Research Center (LeRC) o f  the National 
Aeronautics and Space Admf n i s t r a t i o n  (NASA). L f  f e  analyses o f  
three conf igurat ions of the LeRC p lug  nozzle th:wst chamber 
outer  c y l  i nder were conducted i n  accordance w i t h  requirements 
of Contract NAS3-19717 "3-0 Thrust Chamber L i f e  Pred ic t f  on". 
The study was under the cognizance of R. J. Quentmeyer of 
NASA/LeRC. 
The analyses and documentation o f  r e s u l t s  were conducted by 
W. H. Armstrong and E. W. Brogren. The program manager was 
J .  W. Straayer. 
1 .O SUMMARY 
The ob jec t ive  of t h i s  study was t o  a n a l y t i c a l l y  determine the c y c l i c  
themomechanical behavior and fat igue l i f e  o f  three conf igurat ions 
of the NASA/LeRC Plug Nozzle Thrust Chamber. This t h r u s t  chamber i s  a 
t e s t  model which represents the cur ren t  t rend i n  nozzle design c a l l i n g  
for  high performance coupled w i t h  weight and volume l i m i t a t i o n s  as we l l  
as extended l i f e  for reusab i l i t y .  The study involves the use o f  
d i f ferent  materi a l  s and materi  a1 combinations t o  eval uate t h e i r  
app l ica t ion  t o  the problem of low-cycle . igue i n  the t h r u s t  chamber. 
The c y c l i c  heat f low analysis was performed x i t h  the Boeing Engineering 
Therma? Analyzer (BETA) program. BETA i s  a la rge  capaci t) d i g i t a l  
computer program f o r  computing t rans ien t  o r  steady s t a t e  heat flow i n  
two o r  three dimensions . 
St ruc tura l  response t o  appl i ed temperature/pressure 1 oading cycles 
was determined w i t h  the Boeing P l a s t i c  Analysis Capabi 1 i t y  f o r  3- 
Dimensional Sol i ds  (BOPACE 3-0) d i g i t a l  computer program ~ h i c h  providr 
capab i l i t y  t o  determine incremental v iscop las t ic  behavior of a struc! 
subjected t o  large changes i n  temperature, temperature gradients 
and pressure 1 oadi ng . 
Results are presented which show p l o t s  of continuous temperature 
h i  s to r i es  and diagrams o f  continuous isotherms a t  selected times 
during the operat ing cyc le o f  the th rus t  chamber. Con~puted s t ruc tu ra l  
data show c r i t i c a l  regions f o r  low-cycle fa t i gue  and the h i s t o r i e s  
o f  s t r a i n  w i t h i n  the regions for  each operat ing cycle. Comparisons 
o f  data obtained from 2-dimensional and 3-dimensional models are 
presented. The comparisons show the importance of modeling t o  
p red ic t ion  o f  c y c l i c  l i f e  i n  these st ructures.  
2.0 INTRODUCTION 
The advent o f  the Space Shut t le  has brought a new era i n  the desigc 
and fab r i ca t i on  o f  rocket nozzles. The requirement 9f high-performance 
coupled w i t h  weight and volua,e 1 im i ta t ions  has resu l  ten I! the design 
o f  rocket  nwz les  tha t  operate a t  chamber pressures i r .  excess of 2000 
t4/cm2 (3000 ps ia) .  This has eleva -d  the th roa t  heat f l u x  from 3300 
2 
~ / c n '  (20 Btulir; -set) for present day high performance rocket nozzles 
2 2 t o  16,000 W/cm (100 B tu / i n  -sec) f o r  the Space Shut t le  Main Engine. 
A fur ther  requirement f o r  f u t u r e  h igh performance r ~ ~ 2 +  nozzles i s  
reusabi 7 i ty . For example, the nozzle may have the requirement t h a t  i t  
be capable of operat ing f o r  several hundred major thermal cycles. 
The combination o f  high performance and r e u s a b i l i t y  has created major 
design problems. One o f  the c r i t i c a l  aspects o f  the nozzle design 
i s  the fa t igue l i f e  analysis.  This has become a major design problem 
since a por t ion  o f  the nozzle, p a r t i c u l a r l y  the th roa t  section, i s  
subjected t o  c y c l i c  i n e l a s t i c  s t r a i n  due t o  the la rge  t.emperature 
gradient between the ho t  inner wa l l  and the r e l a t i v e l y  cool outer  
she l l  during the engine s ta r t -s top  t raf is ients as wel l  as dur ing the 
sustained burn period. This has a major impact cn nozzle l i f e  and 
creates the need t o  accurately p red i c t  when an engine may f a i  1 . 
An essent ial  pa r t  o f  any l i f e  analys is  program i s  the a v a i l a b i l i t y  o f  
the appropriate physical and mechanical proper t ies which are t~eeded 
as funct ions o f  temperature f o r  the mater ia ls  UP.! i n  f a b r i c a t i o n  o f  
high performance rocket nozzles. Recognizing t h i s  need, NASA has 
i n i t i a t e d  programs t: obta in the necessary data; i n  p a r t i c u l a r  LeRC 
has programs t o  o > t a i n  high temperature mater ia l  proper t ies f o r  
several co  per-base a1 loys . These a1 l( ys which show ~ o t e n t i a l  apol i - 
cat ion  as tn rus t  chamber l i n e r s  have b t m  fabr iczted i n t o  t h r u s t  
chamber t e s t  specimens so the materz? l  LC.:, be subjected t o  a combustion 
environment The g ~ a l  o f  the ieRC reseai ch t e s t  program i s  t o  evaluate 
the mater ia ls  for  use i n  f u l l  scale engines. 
PLUG NOZZLE THRUST C W E R  
q :?:- . - . The structure analyzed during t h f s  study i s  the outer cyl inder o f  a 
* # 
' -:. * 
- -  . 
-. . 
_ _  ..,. -. 
plug type thrust chamber shown i n  'igure 3.0-1 . The overal l  assembly 
4, 
I- o f  tne thrust  chamber including the cen terbody i s  shwn a1 ong wi th 
ci 
- :- e 
#. - 
the structural  deta i ls  of 'he outer cyl inder. 
;. f 
The basic element o f  the cyl inder assemblbl;. i s the inner wall  which 
contains seventy-two ax ia l  f low cool ant channels o f  constant cross 
* ~ -  . section. Three copper a1 1 oys ware cocsi dered as candidate i nner 
wall materi als, and heat-transfer and structural  analyses were performed 
t o  :predict the thermomechanical response o f  ~ a c h  cyl inder t o  a 
L' i. specified thrust  chamber operating cycle. The inner wall  materi a1 s 
were Arnzirc, 112 hard; OFHC copper, f u l l y  a .;;ealed; and NARloy-Z, 
wrought; the! three cy1 i nders were designated wk,f i gura t ions 8.1 , 6.2 
and 8.3 respectively. The structural  closeout wall o f  a l l  three 
cyl  i nders was el ectroformed copper. 
The c r i t i c a l  region o f  each cyl inder assembly, i .e., the region of 
maximum operating temperature and s t r a i n  was expected t o  be a t  the 
throat plane. Cylinder end conditions cauzed by the re1 a t i ve l y  
massive 1.00-inch th ick  copper flanges were assumed t o  have a neg l ig ib le  
effect on thermzwnechanical behavior a t  the throat. Consequently the 
three-dimensional (3-0) analyses o f  the cyl inder were 1 i m i  ted t o  a 
port ion exclusive o f  the flanges. The port ion of the cyl inders 
subjected t o  3-D analysis i s  indicated b,v the shaded region of Figure 
3.0-1. This region extends 25.40 n (1.00 inch) upstream and 20.32 
(0.80 inch) downstream from the throat  plane. The length o f  the 
cy l  i nder 
plane i s  
b 
3.1 
between the flanges i s  50.55 mn (1.99 inch); the throat  
1 ocated approximately midway between the f 1 angcs , 
THRUST CHAMBER MATERIAL PROPERTIES 
An essentia; par t  o f  the l i f e  analysis study i s  the data which 
characterize materi a1 behavior i n  a given range of temperature, s t r a i n  , 
and rate-of-strai n. These consti tu t l  ve data are intended t o  describe 
3.1 (Conti nued) 
a l i m i t e d  number o f  physical phenomena decided a t  the outse t  for  a 
given mater ia l .  Unfortunately, ava i lab le  data d i d  not  inc lude a1 1 
information necessary t o  character i  r e  t,?e copper a1 loys  o f  the t h r u s t  
chambers. For example, s t ress-s t ra in  hys twes is  ~ O O ~ S  necessary for  
de f in ing  cycl  i c -  hardening charac ter is t i cs  were wt avai lable.  Thus, 
p l a s t i c i t y  data had t o  be developed from s t a t i c  monctot~ic s t ress-s t ra in  
curves ra ther  than ~ t e r i  a1 propert ies derived from labo ra to r j  t e s t  
condit ions which more c lose ly  simulate the h igh temperature and high 
s t r a i n  r a t e  th rus t  chamber cycle. 
The material  propert ies ava i lab le  f o r  the thermal ant s t ruc tu ra l  
analyses were taken from Reference 1. These ?ropert ies define the 
typ ica l  temperature dependent character cf  density , thermal expansion, 
speci f ic  heat, thermal conduct ivi ty,  modulus of 2 l a s t i c i  ty, s t a t i c  
s t ress-s t ra in  behavior, and low-cycle fa t igue 1 i f e  o f  the t h r u s t  
chamber materials.  f nese propert ies are presented i n  Figures 3.1 -1 
through 3.1-30. 
3.2 THERMOMECHANICAL BOUNDARY CONDiTIONS 
A l l  themmechanical parameters which served as c y c l i c  bound-rry con- 
d i t i ons  i n  the heat transfer and struct l . ra1 analyses were furnished by 
the NASd LeRC Project  Manager. The bomdary condit ions were based on 
measurements made by the NASA LeRC during tes ts  o f  the plug nozzle t h r u s t  
chamber. Conditions previously spec i f ied  fo r  2-D models o f  the c y l  inder 
th roat  plane !References 2 and 3) are shown i n  Table 3.2-1 foll comparison 
w i th  ccndit ions prescribed f o r  the 3-0 study. 
Operating condit ion data consisted o f  heat transfer coef f ic ients on 
the chamber cy l inder  hot  gas surface and i n  the coo: .ng channels, 
hot  gas surface adiabat ic wa l l  temperatures, coolant bulk temperatures, 
hot  gas surface s t a t i c  wal l  pressures, and cool ing channel s t a t i c  wa l l  
pressures. Val ues were constant during the cool i ng  and heating phases 
o f  the engine operating cycle. The boundary values were assumed t o  vary 
l i n e a r l y  w i th  time during t r a n s i t i o n  periods between the cool ing and 
3.2 (Continued) 
heating phases. The durat ion o f  each t r a n s i t i o n  per iod as we l l  as the 
durat ions of coal ing and heat ing phases were spec i f ied  and are def ined 
i n  Table 3.2-1. The condit ions f o r  the 2-D analyses are  l i s t e d  on the 
l a s t  l i n e  o f  the table. The a x i a l  station-dependent values l i s t e d  i n  
the main body o f  the tab le  were used f o r  the 3-0 analyses. Average 3-D 
values were computed f o r  comparison w i t h  the 2-0 boundary condit ions. 
Heat t rans fer  coe f f i c i en ts  a t  the th roa t  plane ( s t a t i o n  5) i n  the  3-0 
data ind ica te  s l i g h t l y  greater heat ing and s l i g h t l y  l ess  cool ing than 
i n  the 2-0 case. A l l  o f  the average 3-D quant i t ies ,  however, tend 
toward less heat ing and greater  o r  equal cool ing r e l a t i v e  t o  the 2-0 
values. It was expected, therefore t h a t  the temperatures from the 
3-0 heat t rans fer  analyses would be somewhat lower than those from 
corresponding 2-D resu l t s  of References 2 and 3. 
The s t r a i n  analyses assumed no external physical r e s t r a i n t  o r  mechanical 
boundary condit ions other  than the s t a t i c  pressures l ' s ted  i n  Table 3.2-1. 
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4.0 THERMAL ANALYSIS 
The thermal analyses were car r ied  out  using the Boeing Engineering 
Thermal Analyzer (BETA) program. The BETA program is a la rge  capacity 
d i  g i  t a  
two o r  
o f  the 
the nna 
program f o r  computing t rans ien t  o r  steady s ta te  heat flow i n  
three dimensions. The program performs numerical so lut ions 
thermal d i f f u s i o n  equations, accounting f o r  so l  i d  conduction, 
capacitance, r a d i a t i o n  interchange, convection, and i n t e r n a l l y  
produced o r  absorbed heat, as required. Var ia t ion  o f  mater ia l  proper t ies 
w i th  temperature o r  any other var iable can be accounted f o r  and a 
wide va r ie t y  o f  boundary condit ions can be accomnodated. 
Execution of the thermal analysis required a se t  of thermal boundary 
condit ions, def ined i n  Lect ion 3.2, an ana ly t i ca l  model, t o  be descr i ted 
i n  a fo l low ing section, and a se t  o f  i n i t i a l  temperatures t o  f a c i l i t a t e  
s t a r t i n g  the computations. I n  the laboratory tes ts  of the plug nozzle 
engine the c y c l i c  f i r i n g s  are preceded by an i n i t i a l  chi l l -down a t  
condit ions equivalent t o  the cool ing phase o f  operation. Thermal and 
s t r a i n  analyses o f  Reference 2 ind icated t h a t  response of the t h r u s t  
chamber t o  the i n i t i a l  ch i  l ldown had no s 
subsequent s t r a i n  accumulation o r  engine 
a simple 1 inear va r i a t i on  of temperatures 
t o  a uniform c h i l l e d  condi t ion a t  the coo 
an adequate estimate of i n i t i a l  chi l ldown 
g n i f i c a n t  con t r i bu t i on  t o  
i f e .  It was concluded t h a t  
from i n i t i a l  room temperature 
an t  bu lk  temperature provided 
thermal response. It was 
a1 so found i n  the work of References 2 and 3 and confirmed i n  the 
present analyses t h a t  the cool ing phase o f  engine operat ion was of 
adequate durat ion f o r  the chamber t o  re tu rn  t o  a uniform condi t ion 
a t  the coolant bulk  temperature on each cycle. Thus i t  was teen t h a t  
each cool i ng- heat i  ng cyc le produced the same temperature response and 
tha t  thermal analysis o f  a s ing le  cyc le ac,urately represented any 
cycle durit ig the l i f e  o f  a t h r u s t  chamber. 
4.1 THERMAL ANALYSIS MODELS 
The 3-0 thermal analysis mndei i s  i l l u s t r a t e d  i n  Figure 4.1-1. The 
proper t ies of symnetry were exp lo i ted  i n  order t o  t r e a t  the smallest 
representat ive segment o f  the chamber, thus m x i n i t i n g  the p r a c t i c a l  
model i ng deta i  1 and resul  tin^ analysis accuracy. Thermal nodes 
( locat ions where thermal capacitance and convecting surface areas 
were assumed concentrated) were posit ioned a t  each i n te rsec t i on  of 
l i n e  segments o f  the f igure .  The 1 ine segments represent thermal 
connectors (paths o f  thermal conductance between nodes). Nodes and 
connectors represent ing d r i v i n g  (boundary) temperatures and con- 
vect ive conductors, respect ive ly :  were a lso  p a r t  of the model bu t  are 
not  shown i n  the i l l u s t r a t i o n .  Exact locat ions and the i d e n t i f y i n g  
number system f o r  model body nodes are shown i n  Figure 4.1-2. I n  the 
analyses, temperatures were evaluated f o r  each node a t  preselected 
time in te rva l  3 .  
The ana ly t i ca l  model represents a compromi se between accuracy of 
predicted temperatures and economical use o f  computer time. A 
very f i n e  nodal mesh can produce deta i led  and accurate r e s u l t s  bu t  
general ly requires excessive machine time. This was the case i n  
the th rus t  chaiber model where the very h igh  thermal d i f f u s i v i t y  of 
the mater ia ls  and s m l l  element sizes demanded very small t ime steps 
t o  avoid computational i n s t a b i l i t i e s .  
The v a l i d i t y  o f  the selected 3-D model was checked by comparing resu l t s  
o f  a 2-0 analysis o i  the 43-node th roa t  plane sect ion (S ta t i on  5) 
o f  the 3-0 mesh o f  Configuration B.l w i t h  the temperature r e s u l t s  
f o r  the 136-node 2-0 model o f  the same cy l i nde r  presented i n  Reference 3. 
The condit ions used i n  these two analyses were the 2-D boundary 
condit ions of Table 3.2-1. A sample o f  the comparison i s  shown i a  
Figure 4.1-3. The agreement between corresponding nodal temperatures 
was considered sa t i s fac to ry  t o  support the adoption of the 3-0 model. 
Actual ly,  per fect  agreement was no t  expected from such a comparison, 
since a1 though the corresponding nodes are located i d e n t i c a l  l y ,  they 
do not  represent equal regions. Nodal temperctures must be in te rpre ted  
4.1 (Conti nued) 
as average temperatures f o r  the area o r  volume o f  the elements def ined 
by the nodes and thus, i n  general, w i l l  d i f f e r  f o r  d i f f e r e n t  dlement 
daimens ions. 
An ea r l  i e r  189-nod? 3-0 model, w i t h  a 21-node th roa t  plane section, 
d i d  not  y i e l d  sa t is fac tory  agreerwnt w i t h  de ta i l ed  2-0 model resu l t s .  
Another model, w i t h  567 t o t a l  nodes and 63 sect ion nodes, required 
an impract ica l  amount o f  computer time. 
The selected 3-0 thermal model was f u r t h e r  checked by performing a 
f u l l  3-0 analysis w i t h  a x i a l  ly-constant boundary condit ions equal t o  
the 2-0 values f o r  conf igurat ion 8.1. Results i n  which temera ture  
d i s t r i bu t i ons  a t  each cross sect ion exac t ly  dupl icated those from 
the 2-0 analysis o f  the 43 node mesh were taken as v e r i f i c a t j o n  of 
co r rec t l y  i nput nodal and connector proper t ies.  
4.2 THERMAL ANALYSIS RESULTS 
The working output data from the thermal analyses were recorded on t m e  
d i r e c t l y  from the computer executing the BETA program. From t h i s  
tape, cards were automatical ly punched f o r  i npu t  i n t o  the i n te rpo l  a t e r  
program which evaluated temperatures a t  the times and locat ions 
required f o r  the s t ruc tu ra l  analyses. A complete p r i n t - o u t  o f  BETA 
data was generated and used t o  monitor output bu t  was considered too 
voluminous t o  reproduce i n  t h i s  repor t .  Samples o f  the thermal 
analysis resu l t s  are presented i n  order t o  i l l u s t r a t e  the magnitudes 
o f  the temperatures and the character o f  the temperature d i s t r i b u t i o n s  
computed. 
Figures 4.2-1 and 4.2-2 show h i s t o r i e s  o f  temperatures a t  selected 
th roa t  plane nodes for  Configurations 0.1 and 8.2 and Configurat ion 
8.3, respect ively.  The o r i g i n  o f  the t ime scale, i .e., t ime = 0.0, 
on these p lo t s  and on subsequent p lo t s  of thermal data i s  the begcnning 
o f  the cool ing phase, c m s i s t e n t  w i t h  the diagram accompanying Table 3.2-1. 
4.2 (Continued) 
The NARloy-Z i nne r  w a l l  of Conf igurat ion 8.3 has lower thema: 
conduc t i v i t y  than the h z i  r c  o r  OFHC copper used f o r  Conf igurat ions 
B.l and 8.2. The e f f e c t s  o f  t h i r  d i f f e rence  i t ,  ~ o i t d u c t i v i  t y  call 
be seen i n  c m p a r i q  the  curves o f  F igure 4,-2-1 and 4.2-2, wherein 
the l ohe r  conduc t i v i t y  (Figlrre 4.2-2) cevses temperatures t o  be 
h igher  i n  h igh  temperature regjons and lower In  low temperature 
regions o f  Conf igurat ion 8.3. 
Figures 4.2-3 through 4.2-8 show a x i a l  v a r i a t i o n s  o f  temperatu:,e a t  
se lected po in ts  i n  the  h igh tenyerature reg ion  r s r  both corbf I gurat ions . 
Times se lected f o r  these p lo t s  were near the begit,niny c f  the nea 
phase (1.8 sec.), the  end of the heat ing phase (;.2 sec), and the  
o f  the heat ing- to-cool  i ng t r ans ien t  (3.5 sec. ) . (The above t imes 
correspond respec t i ve l y  t o  0.15, 1 .55, and 1.85 seconds a f t e r  eng 
s t a r t  f o r  each operat ing cyc;?). Maximum a x i a l  temperatures were 





Maximum a x i a l  grad ients  occurred a t  rolrghly m e - f o u r t h  o f  ttle clamber 
length from eacn end. The l ack  of a x i a l  grad ients  a t  the ends a f  
the chambers i s  cons is ten t  w i t h  the assumption o f  ad iaba t i c  boundaries 
a t  those ?lanes. 
4.3 COMPARISON OF 2-D AND 3-D THERMAL ANALYSIS 
3ne form o f  comparison between c h a r a c t e r i s t i c s  o f  the  3-0 ana lys is  
model and the p rev ious iy  analyzed d e t a i l c d  2-D model \Jar( shown i n  
Figure 4.1-3. That compariscn was f o r  a 2-D t e s t  case, . d n o t  f o r  
analys is  r e s u l t s  t o  be used f o r  t h r u s t  chamber l i f c  p red ic t ions .  I t  
should be recognized, however, t h a t  tbe  e f fec ts  of d i f fe rences  i n  
nodal model r,~esh size, such as those seen i n  F igure 4.1-3, w i l l  be 
present and !nay i n f l uen rs  any comparisons between 2-0 and 3-D thermal 
r e s u l t s  der ived from analyses o f  the represented models. 
4.3 (Continued) 
Figure 4.3-1 shows temperature h i  stor ies f o r  selected throat  plane nodes 
f r o m  3-D analysis o f  Configurations 8.1 and 8.2 and temperatures f o r  
corresponding nodes from the analysis of Reference 3. v;e most obvious 
difference between the two sets o f  curves i s  the generally lower 
temperatures from the 3-0 analysis. This dif ference i s  regarded as 
1 zrgely due t o  the differences between the corresponding boundary 
conditions and was anticipated upon examination o f  the ax ia l  averages 
9f the 3-D thermal boundary conditions. Aside from the dif ference i n  
temperature levels, the 2-0 and 3-0 temperature h is tor ies  show very 
s imi lar  characteristics, pa r t i cu la r l y  i n  the s t ra in -c r i  t i c a l  high 
temperature region. 
Figure 4.3-2 shows selected temperature h i  s lor ies  from the 3-0 analysis 
of Configuration 0 . 3  compared wi th ccrre;ponding h i  stor ies from the 2-D 
afialysis of the same configuration from Reference 2. The two sets o f  
h is tor ies  compare the same way as those i n  Figure 4.3-1: generally 
luder 3-0 temperatures due t o  boundary condit ion differences and 
otherwise very simi l a r  characterist ics. 
i 
The 3-D and 2-D analysis resu l ts  were also compared by examining iso- 
therms drawn f o r  throat  plane sections. Two such comparisons, for  
Configurations 8.: and 8.2, a t  two times during the heating phase, are 
shown as Figcres 4.3-3 and 4.3-4. The conclusiens from isotherm 
comparisons para1 l e l  those from temperature h i  story comparisons: 
lower temperatures from the 3-0 analysis due t o  boundary condition 
differences but  very s im i la r  temperature gradient characterist ics. 
The isothem p lo ts  f o r  the 3-D model i 11 ustrate an e f f ec t  o f  tha t  model 's  
re la t i ve ly  coarse nodal mesh. ?sothems were located on the drawings 
R by 1 inear interpolat ion between nodal temperatures. This pract ice 
applied t o  the f i n i t e  node spacings resulted i n  d iscont inui t ies i r  
b .  the indicated temperature gradients. This effect i s  most c lea r l y  seen 
i n  Figure 4.3-3 where, i n  the Configuration 8.1, 8.2 isotherm p lo t ,  a 
t 
, . noticabl e dif ference i n  isotherm spacing ex is ts  betwee?, those 1 ines 




















































































































Z = 2.54 a 
- - m 
I 














NODE I NUMBER 





















































































































































































































































































































































































































































































































































































































































































- n n n n n e 
00 00 00 QO 0 0  00 
o m  0 0  00 O N  O d  O W  
"v z z  Oco corn h2 






























































































































































































































































































FROM REFERENCE 3 
30 
CONFIGURATION 
B . l ,  8.2 
THROAT PLANE 
Z = 2.54 cm, 
( 2  = 1 . 0  in . )  
TEMPERATURES EARLY I N  HEATING PHASE 
(t = 2 . 1  5 SECONDS) 
FIGURE 4.3-3 SAMPLE ISOTHERM C3MPARISONS - TWO-DIMENSIONAL 
& THREE DIMEKSIONAL hNALY5ES ( 2  .I 5 SECONDS) 
TEMPERATURE AT END OF HEATING PHASE (t = 3.2 SECONDS) 
m 
FIGURE 4.3-4 SAMPLE ISOTHERM COMPARISONS - TWO-DIMENSIONAL L THREE- 
ANALYSES ( 3 . 2  SECONDS) 
; I  ONAL 
5.0 STRUCTURAL ANALYSIS 
The s t ruc tu ra l  analysis was performed w i t h  the a i d  o f  the BOPACE f i n i t e -  
element computer program f o r  3-dimensional analysis o f  problems i n  
thermovi scoplast i  c i  t y  . The progran accounts fo r ,  i n  an incremental 
manner, e f fec ts  o f  var iab le  amp1 i tude cycl  i c  loads and temperatures. 
I n  addit ion, nonl inear var ia t ions  o f  mater ia l  propert ies w i t h  tempera- 
ture, mechanically o r  thermal 1 j induced p l a s t i c i t y  , and combinations o f  
creep and stress re laxat ion  are incorporated i n  the program. 
Three-dimensional sol i ds  are e f f i c i e n t l y  analyzed w i t h  the complex i so- 
parametric elements provided i n  BOPACE 3-0. Convergence i s  achieved 
w i t t -  a considerable reduct ion ,n mesh complexity when compared t o  
simplex ( l i n e a r )  models used i n  other formulations. For example, i t  
i s  shown i n  Section 5.1 t h a t  9 complex elements replaced 281 simple 
t r iang les  i n  a p lane-st ra in analysis of the effects o f  i n i t i c l  c h i l l -  
down and s t a r t  t rans ient  phases of the t h r u s t  chamber operating cycle 
conditions a t  the cy l inder  th roat  plane. 
Data from the 3-D thermal analysis were used t o  def ine thermal and mechani-31 
loading i n  the form o f  c y c l i c  h i s t o r i e s  o f  temperatures and forces appl : ' 
t o  appropriate nodes o f  the BOPACE s t ruc tu ra l  models. Output from BOPACE 
provides h i s t o r i e s  o f  stress and s t r a i n  components and t h e i r  e f f e c t i v e  
values ( i  .e. , equivalent un iax ia l  va1 ues) . Stra ins w e  a1 so decomposed 
i n t o  thermal, e l a s t i c ,  creep, and p l a s t i c  par ts  and provided i n  the 
output. 
Previous work i n  t h i s  area (Reference 2) u t i l i z e d  a 2-dimensional version 
o f  BOPACE t o  p red ic t  p lane-st ra in c y c l i c  behavior a t  the th roa t  plane 
o f  the cy l inders.  The same operating cycle was used i n  the 3-0 Thrust 
Chamber L i f e  Predict ion Study to: (1 ) re-examine the problem which i s  
ac tua l l y  3-dimensions1 i n  nature because there i s  nothing t o  constra in 
ax ia l  d i sg l  acments o f  the cy l inders during operation, (2) p red ic t  
c y c l i c  s t ruc tu ra l  behavior and i d e n t i f y  the locat ion  and time o f  
occurrence o f  maximum s t r a i n  during cycl  i c  loading o f  each cy l inder  
and (3)  p red ic t  low-cycle fat igue l i f e  of the copper a l l oys  which 
comprise the inner wal l  of the 3 cy l inder  conf igurat ions. 
5- 1 
5.1 STRUCTIJRAL ANALYSIS MODEL 
A previous l i f e  predjct ion study (Reference 2) required a highly detai led 
?-dimensional model t o  accul a te ly  evaluate cycl i c  loading effects a t  
the cyi inder throat  plane. The 2-0 model consisted o f  281 constant-strain- 
t r i ang le  elements and a plane-strain assumption a t  the throat. Results 
of that  2-0 analysis provided the basis f o r  determining mesh requirements 
of the 3-D model. 
The approach t o  3-D model development was t o  formulate several cyl inder 
throat  plane node1 s from 3-0 elements 1 i m i  ted t o  plane-strain deformation; 
apply the 2-0 pressures and temperatures f o r  the i n i t i a l  chi1 ldown and 
s t a r t  t ransient  phases o f  the cycle; and compare the 3-0 model resu l ts  
w i th  the 2-D data. h i symnet r i c  properties o f  the problem were used 
t o  rode1 the smal l e s t  representative region w i th  maximum pract ica l  detai 1. 
The most e f f i c i e n t  3-0 element mesh was then selected t o  define the 
t o ta l  3-D cyl inder model . 
A comparison of character1 s t i c s  of models used i n  the convergence 
evaluation i s  shown i n  Figure 5.1-1. The 281-element 2-D model along 
wi th  11 -element, 9-element and 7-element 3-D-element models are shown. 
The 3-D(l1) model performed sat is fac tor i ly ,  but t h i s  was expected since 
the number o f  degrees o f  freedom was almost the same as the 2-D(281) 
model. The 3-D(7) model was developed t o  decrease solut ion time, but 
evaluation o f  the resu l ts  showed the 3-D(7) model could not converge 
t o  the required resul ts.  A t h i r d  3-0 element model comprised of 9-elements 
was designed t o  achieve proper convergence i n  less solut ion time than 
required by the 3-D(l1). Results presented i n  Table 5.1-1 show tha t  
the 3-D(9) model compares favorably w i th  the 2-D(281) and 3-D(11). A 
comparison o f  solut ion times showed tha t  the 3-D(9) performed i n  
appr3ximately 75 percent o f  the time required by the 3-D(11). 
The 3-0 cyl inder model subsequently developed from the 3-D(9) mesh i s  shown 
i n  Figure 5.1-2. The model consists of 72 elements, 452 nodes, and 1356 t 
degrees-of-freedom. Gauss integrat ion points located w i th in  each element 
5.1 (Continued) 
and near each corner node prov ide f o r  ou tpu t  i n  the  form o f  stresses 
and s t r a i n s  a t  those l oca t i ons  fo r  each increment o f  load ing  dur ing  
the cycle.  Thus, c y c l i c  s t r ess -s t ra i n  data were computed a t  576 l oca t i ons  
i n  the model. Twelve (1  2) elements which comprise the i nne r  w a l l  t h r o a t  
plane reg ion  (6  elements e i t h e r  s i de  o f  the t h r o a t  plane) provided 96 
data po in t s  f o r  the  3-D l i f e  ana lys is  o f  t h i s  region. (The 2-0 plane 
s t r a i n  model requi red 139 data po in t s  f o r  ana lys is  o f  the  same reg ion) .  
I npu t  data used tz character ize the  temperature dependent non l inear  
mater ia l  p roper t ies  f o r  BOPACE ana lys is  were developed from the data 
i n  Sect ion 3.1. Several assumptions were made i n  order  t d  use the  
data f o r  l i f e  analys is  o f  the t h r u s t  chamber cy l inders .  
For example, fi xed-st ra i  n-range hys te res is  loops a re  genera l l y  used 
t o  est imate mater i  a1 hardening a t  temperature. Very 1 i t t l e  9 s  t e r e s i  s  
data were ava i l ab le  (Reference 1 )  f o r  the copper a l l o y s  which comprise 
the ou te r  c y l  inders.  The hys te res is  c h a r a c t e r i s t i c s  t h a t  were avai  1  ab le  
were obtained from unpublished t e s t  data f o r  Amzirc and NARloy-Z a t  
temperatures i n  the  range o f  290°K t o  900°K, s t r a i n  ranges up t o  3 
percent, and ra tes  of s t r a i n  up t o  1 percent per  second. (The 
an t i c i pa ted  r a t e - o f - s t r a i n  i n  the i n n e r  w a l l  was expected t o  be on the 
order  of maorti tude o f  10 percent per  second dur ing  t r a n s i e n t  phases 
o f  the cyc le ) .  The c y c l i ~  t e s t  data f o r  Amzirc and NARloy-Z i nd i ca ted  
t t a t  copper a l l o y s  are s t r a i n  r a t e  sens i t i ve .  A t  s t r a i n  r a tes  
approaching 1 percent per  second, the  mater ia ls  appeared t o  s t a b s l i z e  
w i t h i n  fewer than 10 cyc les o f  load ing  and then exh ib i  t e ~  no i s o t r o p i c  
hardening o r  sof ten ing.  Also, the t e s t  data i nd i ca ted  no measurable 
change i n  k inematic hardening a f t e r  i n i t i a l  l oad ing  o f  a  specimen. 
Thus, i t  was assumed f o r  t h i s  study t h a t  t y p i c a l  s t r a i n  s t a b i l i z e d  
behavior o f  the var ious mater ia ls  could be character ized by no 
i s o t r o p i c  hardening and no change i n  y i e l d  w i t h  reversa l  o f  s t r a i n .  
What t h i s  means i s  t h a t  the monotonic s t r ess -s t ra i n  curves o f  Sect ion 3.1 
were assumed t o  c o n s t i t u t e  both t e n s i l e  and compressive behavior o f  the 
mater ia ls  w i t h  no change i n  s i z e  o f  the hys te res is  loop o r  y i e l d  p o i n t  
dur ing the operat ing cyc le .  
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5.2 STRAIN AND FATIGUE LIFE ANALYSIS RESULTS 
Results o f  the s t r u c t u r a l  analyses were summarized by the  h i s t o r i e s  
o f  e f f e c t i v e  s t r a i n s  a t  the c r i t i c a l  l o c a t i o n  i n  each c y l i n d e r  
con f igura t ion .  The c r i t i c a l  l o c a t i o n  i s  de f ined  as the  ?ode e x h i b i t i n g  
the ~~aximum e f f e c t i v e  s t r a i n  range dur ing  the operat ing cyc le .  S t r a i n  
h i s t o r i e s  f o r  r a d i a l  , c i rcumferen t ia l  , and a x i a l  s t r a i n  components 
are a lso  shown. Values of shear s t r a i n  were computed b u t  were used 
on ly  i n  determining the e f fec t i ve  s t r a i n  values because p red ic ted  
shearing s t r a i n s  were 1  - t o  2-orders-in-magni tude smal ler  than the 
d i r e c t  components; no p l o t s  of shear s t r a i n  h i s t o r i e s  are presented. 
E f f e c t i v e  s t r a i n s  were used i n  p r e d i c t i n g  c y c l i c  damage because the 
curves ( re ference Sect ion 3.1 ) used t o  p r e d i c t  low-cycle f a t i g u e  1 i f e  
were a l l  developed from u n i a x i a l  t e s t  specimens. The t o t a l  e f f e c t i v e  
s t r a i n  (equ iva len t  u n i a x i a l  s t r a i n )  was computed from the equat ion 
where subscr ip ts  r, e ,  and z denote r a d i a l  , c i r cumfe ren t i a l  , and a x i a l  
tii r ec t i ons  respec t i ve ly ,  and e  and y denote d i r e c t  and shearing dev ia to r i c  
s t r a i n  components. The d i r e c t  d e v i a t o r i c  s t r a i n s  are def ined i n  the usual 
manner as 
where 
i s  the d i l a t a t i o n a l  s t r a i n .  The p red ic ted  d i r e c t  and shear s t r a i n  
components are composed o f  the e l  a s t i  c, i n e l a s t i c ,  and thermal 
quan t i t i es .  For example, 
5.2 (Continued) 
where superscr ipts e, p, c, and T denote e l a s t i c ,  p las t i c ,  creep, and 
thermal s t ra in .  
The c r i t i c a l  s t r a i n  data f o r  the cy l inders  are presented i n  Figures 
5.2-1 through 5.2-10. The l oca t i on  o f  c r i t i c a l  s t r a i n  was a t  the 
th roa t  plane on the heated surface of the r i b  center l ine.  This 
l oca t i on  coincides w i t h  node i d e n t i f i c a t i o n  number 209 i n  the 3-0 
f i n i  te-element model. Values o f  s t r a i n  a t  node 209 were determined 
by i n te rpo la t i on  o f  SOPACE computed s t ra ins  a t  Gauss i n teg ra t i on  
points  on each s ide o f  the th roa t  plane. The time o r i g i n  of the 
s t r a i n  h i s t o r i e s  i s  the beginning o f  the s t a r t  t rans ien t  phase o f  the 
cycle, and the h i s t o r i e s  of t o t a l  s t r a i n  were assumed t o  be I i p e t i t i v e  
throughout the l i f e  o f  the st ructure.  
A sumnary of predicted iow-cycle fa t igue 1 i f e  based on the 3-0 thermal 
and s t ruc tu ra l  analyses i s  presented i n  Table 5.2-1. This data 
shows tha t  112-hard Amzirc i s  the best of the three mater ia ls  con- 
sidered for  extending the fat igue l i f e  of the t h r u s t  chamber l i n e r .  
Amzi rc ,  w i t h  a 1 i f e  expectancy o f  3000 cycles, has a predic ted 
l i f e  2.3 times greater than NARloy-Z and 20 times greater than OFHC 
copper. 
3-D Analysis o f  Cyl inder Configurat ion 8.1 
H is to r ies  of c r i t i c a l  s t ra ins  and t h e i r  e f f e c t  on l i f e  o f  conf igurat ion 
8 .1  are preser~ted i n  Figures 5.2-1 , 5.2-2 and 5.2-3. The maximum 
ef fect ive s t r a i n ,  1.3 percent, occurred a t  approximately 0.2 second 
a f te r  engine s ta rc .  The condi t ion a t  the c r i t i c a l  l oca t i on  fo r  t h i s  
time p o i n t  was a p lane-st ra in condit ion, i .e., there was zero ax ia l  
s t r a i n  a t  t h i s  po in t  i n  the cycle. The predic ted temperature a t  
the c r i t i c a l  l oca t i on  a t  t h i s  time was 600 OK, and the chamber and 
2 coolant channel pressures a t  the th roa t  were 2.56 MNIm acd 6.65 ~ N l m  2 
respect ive ly .  
5.2 (Continued) 
The component s t r a i n s  showed a s l i g h t  increase dur ing  the  remainder 
o f  the heat ing phase and there  was a small decrease i n  t o t a l  e f f e c t i v e  
s t r a i n  dur ing  t h i s  per iod.  The p red ic ted  temperature a t  the end o f  
the heat ing phase ( t ime = 1.55 seconds) was 760°K; pressures were the 
same as a t  0.2 second. 
The shutdown caused a reversa l  i n  s t r a i n s  and r e s u l t e d  i n  a res idua l  
e f f e c t i v e  s t r a i n  of 0.1 percent a t  approximately 2.1 seconds a f t e r  
engine s t a r t .  The p red ic ted  temperature was s tab le  and un i form a t  
28°K and chamber and coolant  channel pressures a t  the t h r o a t  were 0.1 
M N / ~ '  and 5.2 MN/NI~. 
The t o t a l  e f f e c t i v e  s t r a i n  range obtained by sumning the maximum values 
p red ic ted  dur ing the heat ing and coo l ing  phases of the  cyc le  was 
1.4 percent. It was observed t h a t  a r e l a t i v e l y  h igh s t r a i n  range 
cond i t i on  was p red ic ted  f o r  the  i nne r  wa l l  o f  the  t h r u s t  chamber i n  
a reg ion  shown by the shaded area i n  F igure 5.2-1 1 . The average value 
of e f f e c t i v e  s t r a i n  range i n  t h i s  reg ion  was 1.3%. The maximum and 
average s t r a i n  range values were app l ied  t o  the  t y p i c a l  fa t igue  l i f e  
curves as shown i n  F igure 5.2-3. The p red ic ted  cyc les t o  f r ac t c re  
was 3000 cycles f o r  the maximum e f f e c t i v e  s t r a i n  range and 3500 cyc les 
f o r  the average value o f  s t r a i n  range i n  the i nne r  wa? 1 . 
3-G Analysis o f  Cy l inder  Conf iqura t ion  8.2 
The c r i t i c a l  s t r a i n s  f o r  con f i gu ra t i on  8.2 a re  presented i n  Figures 
5.2-4 and 5.2-5. The p red ic ted  temperatures and pressures were the  
same as fo r  con f i gu ra t i on  B.l because the  boundary cond i t ions  and 
t y p i c a l  thermal mater ia l  p roper t ies  were the same f o r  both cy l i nde rs .  
i t  was observed however, t h a t  t he  maximum e f f e c t i v e  s t r a i n ,  approxi-  
mately 1.7 percent, occurred a t  about 0.4 second a f t e r  beginning 
of the heat ing phase i n  8.2. The p red ic ted  temperature a t  t h i s  t ime 
was approximately 670°K. 
5.2 (Conti nued) 
A p lane-st ra in cond i t ion  ex is ted  a t  0.4 second, bu t  i t  should be noted 
tha t  the ax ia l  s t r a i n  component was small (<  - 0.1 percent) dur ing the 
major por t ion  of the heat ing phase. This ind ica tes  t h a t  a 2-0 plane- 
s t r a i n  assumpti on should provide a good approximati on o f  condi t ions 
a t  the th roa t  of the 8.2 cy l inder  during the heat ing phase. 
The res idual  e f f e c t i v e  s t r a i n  was approximately 0.2 percent. The 
res idual  cond i t ion  was again reached a t  approximately 2.1 seconds 
i n t o  the cycle. Thus, a maximum e f f e c t i v e  s t r a i n  range o f  1.9 percent 
was predicted for  0.2. The maximum s t r a i n  occurred a t  node 209, but  
the average s t r a i n  i n  the inner  wa l l  region was 1.6 percent. These 
e f f e c t i v e  s t r a i n  range values were appl ied t o  the fa t igue 1 i f e  curve 
presented i n  F-igure 5.2-6. The predic ted cycles t o  f r a c t u r e  which 
correspond t o  the maximum and average s t r a i n  range values were 150 
and 21 0 cycles respect ive ly  . 
Typical creep behavior f o r  the three cy l inder  conf igurat ions i s  
represented by the curve i n  Figure 5.2-7. This f i g u r e  shows the  
f i r s t  cyc le e f f e c t i v e  creep s t r a i n  h i s t o r y  a t  node 209 o f  
conf igurat ion 0.2. The values predic ted a t  other  node loca t ions  
were s l i g h t l y  smaller, bu t  a l l  e f fect ive creep s t ra ins  were the same order 
of magnitude throughout the th roa t  plane of the inner  wa l l .  Con- 
f i g u r a t i o n  0.2 was selected t o  show time dependent s t r a i n  behavior 
because i t s  predic ted values o f  e f f e c t i v e  creep s t r a i n  were highest 
o f  the three conf igurat ions.  The s i g n i f i c a n t  factor  i n  the p l o t  
of f i r s t  cyc le  creep i s  t h a t  the t o t a l  e f f e c t i v e  s t r a i n  i s  approxi- 
mately 500 times greater than the e f fec t ive  creep. Thus creep i s  
no t  a s i g n i f i c a n t  damage mechanism i n  low-cycle fa t i gue  o f  the 
cy l inders.  Also, creep stra-in i s  expected t o  remain almost 
constant a f t e r  the f i r s t  cyc le because o f  hardening and the 
f a c t  t h a t  unloading durina the shutdown t rans ien t  happens so 
rap id l y  t ha t  ~ e a s u r a b l e  creep reversal w i l l  no t  occur. 
5.2 (Conti nued) 
3-0 Analysis o f  Cyl inder Confiqurat ion B.3 
The c r i t i c a l  s t ra ins  f o r  conf igurat ion 8.3 are present.ed i n  Figures 
5.2-8 and 5.2-9. The maximum e f f e c t i v e  s t ra in ,  approximately 1.6 
percent, occurred a t  0.3 second a f t e r  engine s t a r t  which a lso  
coincides w i th  a p lane-st ra in condi t ion a t  the c r i  t f c a l  loca t ion .  
The predicted temperature a t  the c r i t i c a l  l oca t i on  a t  t h i s  t ime 
was arproximately 670'1. Pressures i n  the chamber and coolant 
2 2 channel were 2.56 MN/m and 6.65 MN/m respect ive ly .  The pressures 
were constant dur ing the remainder o f  the heat ing phase, bu t  
temperatures a t  the c r i t i c a l  loca t ion  increased t o  770°K. Thus 
temperatures f o r  B.3 were s l i g h t l y  higner than f o r  B.l and 8.2, 
bu t  pressure loading was the same i n  a l l  cases. 
The res idual  e f f e c t i v e  s t r a i n  a t  the end o f  shutdown t rans ien t  
condit ions was approximateiy 0.1 percent. The t o t a l  e f f ec t i ve  
s t r a i n  range obtained by adding maximum values during the heat ing 
and cool i ng  phases was approximately 1.7 percent. The average 
s t r a i n  w i t h i n  the shaded region o f  Figure 5.2-11 was 1.6 percent. 
A comparison o f  predic ted cycles t o  f rac tu re  using maximum and 
average ef fect ive s t r a i n  ranges i n  the inner  wa l l  of 8 . 3  i s  shown 
i n  Figure 5.2-10; the predic ted low-cycle fa t i gue  l i f e  f o r  the 
maximum and average s t r a i n  range was 1300 and 1500 cycles 
respect ive ly .  
E f fec t i ve  S t ra in  Ranqe D i s t r i b u t i o n  
The e f fec t i ve  s t r a i n  range predicted a t  the th roa t  plane defined 
a region of high s t r a i n  extending d iagonal ly  across the inner  
wal l  o f  a l l  three conf igurat ions. This "band" o f  h igh s t r a i n  
i s indicated by the diagonal o f  the shaded areas i n  F i g w e  5.2-1 1 . 
The d i s t r i b u t i o n s  a lso show t h a t  the e f f e c t i v e  s t r a i n  range w i t h i n  
the shaded areas was almost uniform, and a1 though maximum values 
of ef fect ive s t r a i n  range were observed a t  the lower l e f t  hand 
5.2 (Continued) 
corner (node 209) o f  each f igure ,  i t ' s  more reasonable t o  assume t h a t  
f racture would occur i n  the t h i n  sect ion near the center l ine  o f  
the channel . This f a i l u r e  mode i s  even more 1 i kely  if any measurable 
change i n  geometry (such as th inout  and bulging under pressure) 
occurs due t o  p l a s t i c  f low during the c y c l i c  l i f e .  I t  i s  suggested 
tha t  the predicted 1 i f e  o f  the cy l inders w i  11 be i n  a range o f  cycles 
corresponding t o  the maximum and minimum values o f  e f fec t i ve  s t r a i n  
range w i t h i n  the shaded region. Further, i t  i s  suggested t h a t  tho 
t yp i ca l  l i f e  o f  each cy l inder  w i l l  correspond t o  the values predicted 
by the average value o f  ef fect ive s t r a i n  range. 
D i s t r i b u t i o n  o f  ef fect ive s t r a i n  range along the ax is  of t h e  cy1,inder 
was evaluated t o  ver i fy  the th roa t  plane inner  wal l  as the c r i t i c a l  
region. These s t r a i n  d i s t r i b u t i o n s  are presented i n  Figures 5.2-1 2, 
5.2-13, and 5.2-14. 
5.3 COMPARISON OF 2-D AND 2-D STRUCTURAL ANALYSIS 
A previous analysis (Refwence 2) o f  the t h r u s t  chambers was per- 
formed w i t h  the ~ s e  o f the BOPACE computer program. r$e model used 
i n  Reference 2 was the 2-0 p lane-st ra in model comprised of 281 
constant s t r a i n  t r iang les  (see Figure 5.1-1). Results o f  the 2-0 
analysis are presented i n  Figures 5.3-1 through 5.3-6 i n  the form 
c f  s t r a i n  h i s t o r i e s  a t  locat ions which coincide w i t h  the c r i t i c a l  
locat ions of the 3-D model. I n  general, these data show t h a t  the 
2-D r a d i a l  s t ra ins  were approximately the same as the 3-D r a d i a l  
components during the heat ing phase, bu t  the magnitudes of the 2-D 
rad ia l  s t ra ins  were l a rge r  during the cool ing phase. The circum- 
fe ren t i  a1 s t r a i n  components e x h i b i t  the opposi t e  character i  s t i  cs 
during the cycle. It should be noted t h a t  the 2-D r e s u l t s  were 
obtained from the cyc le specif ied fo r  the 2-D thermal analysis 
and resu l ted  i n  s l i g h t l y  higher temperatures (<  50°C) than predic ted 
for 3-D models during the heating phase. The temperature di f ference 
apparently had a negl . g i  b l e  e f fec t  on difference i n  s t ruc tu ra l  
behavior o f  the 2-D and 3-0 models. 
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5.3 (Conti nued) 
Comparisons of the 2-D and 3-D e f fec t i ve  s t r a i n  h i s t o r . ~ e s  show t h a t  the 
e f fec t ive  s t r a i n  range computed w i t h  the 2-0 model was l a rge r  f o r  
conf igurat ions 8.1 and 8.3 bu t  was approximately the same i n  both models 
o f  conf igurat ion 8.2. This may be due t o  the f a c t  t h a t  3-0 a x i a l  s t ra ins  
i n  8.2 were smaller i n  magnitude than i n  the other  two configurations 
and more c lose ly  approached the p lane-st ra in cond i t ion  assumed fo r  the 
2-D analyses. 
The e f f e c t i v e  s t r a i n  range d i s t r i b u t i o n  obtained from the 2-D data 
i s  shown i n  Figure 5.3-7. The values are shown f o r  locat ions which 
coincide w i th  the locat ions shown i n  Figure 5.2-11. The shaded area 
defines the region o f  greatest  damage i n  the inner  wa l l  and i s  the 
same as the c r i t i c a l  region i n  the 3-D models. It was a lso observed 
tha t  the maximum values o f  e f f e c t i v e  s t r a i n  range occurred general l y  
along the diagonal baundary o f  +% shaded area. 
A comparison o f  the values presented i n  Fiaures 5.2-11 and 5.3-7 shows 
tha t  2-D s t ra ins  were general ly higher than corresponding 3-D resu l t s .  
Only three locat ions shown f o r  the 2-D model o f  conf igurat ion B.2 had 
s t ra ins  less  than those computed i n  the 3-D model o f  8.2. Thus the 
1  i f e  predic t ions based on 2-D resul  t s  tended t o  be lower. It was 
also observed tha t  c r i t i c a l  locat ions i n  B.l and 8 . 3  were a t  the channel 
center l ine  ra ther  than the r i b  center l ine  of the 3-D models. A 
summary of the 2-D and 3-D comparisons i s  preserted i n  Table 5.3-1. 

T I M E *  
(52~) 
TABLE 5 . 1 - 1  3-0 F I N 1  TE-LLEMENT MODEL DEVELCPMENT - 
COMPARISON O F  E F F E C T I V E  STRP.INS 
MODEL 
REGIUk'S USED FOR STRAIN COMPARISON 
* T I M E  FEASURED FROM B E G I N N I 3 G  OF START TRANSIENT PHASE O r  OPERATING 
CYCLE FOR 2-D ANALYSES. T I M E  0.00 RtPRESENTS COP4DITION AT END O F  





































































































































































































































































































































































































10 I 1 MAXIMUM EFFECTIVE STRAIN 
RANGE I N  INNER WALL 
FIGURE 5.2-3 CYCLES TO FRlCTURE BASED ON PREDICTED EFFECTIVE 
























































































































































































































































I MAXIMUM EFFECTIVE STRAIN 
I I RANGE I N  INNER WALL 
1oj 
CYCLES TC: FRACTURE 
T I V E  STRAIN I 
FIGURE 5.2-6 CYCLES TO FRACTURE BASED ON PREDICTED EFFECTIVE 
STRAIN RANGE AT TKROAT PLANE OF CONFIGURATION B . 2  
T IME FROM BEGINNING OF START TRANSIENT, SECONDS 
FIGURE 5.2-7 FIRST-CYCLE EFFECTIVE CREEP STRAIN AT THROAT PLANE 








































































































































































































































CYCLES TO FRACTURE 
FIGURE 5.2-10 CYCLES TO FRACTULC BASED ON PREDICTED EFFECTIVE 














































































































































































































































































































































































































































































































































































































































































































































































































































































































6.0 CONCLUDING REMARKS 
The object ive o f  t h i s  study was t o  ana ly t i ca l l y  determine and compare 
the low-cycle fat igue l i f e  o f  each o f  the three configurations o f  the 
LeRC plug nozzle thrus t  chamber. The resu l ts  o f  the study were obtained 
from 3-D analyses which predicted cyc l i c  h i s to r ies  o f  temperature and 
s t r a i n  caused by speci f ied boundary conditions. Obviously, the 
predicted thermomechanical behavior i s  h ighly dependant upon the 
prescribed boundary conditions, and accurate predict ion o f  fa t igue 
l i f e  i s  great ly  af fected by how closely the specif ied conditions mc ,in 
the actual operating cycle. If the specified condi t ions are accurate, 
the predicted temperatures and stra ins obtained from the BETA and 
BOPACE models w i l l  c losely correspond t o  t yp ica l  behavior o f  the 
cy l  inders. 
The thermal analysis resu l ts  from the 3-D Thrust Chamber L i f e  Predict ion 
Study were examined from two standpoints: an assessment o f  the accuracy 
of the 3-D ana ly t ica l  model i n  simulating the th rus t  chamber's response, 
and a comparison w i th  2-D resu l ts  i n  attempt t o  evaluate the v a l i d i t y  
of the l a t t e r .  A1 though f i n a l  conclusions regarding these two questions 
depend upon examination o f  s t r a i n  and f a t i  gue-1 i f e  analysis resu l ts  , 
cer ta in  tenta t ive  conclusions can be drawn from the thermal data alone. 
The pr inc ipa l  question regarding the accuracy o f  the 3-0 thermal model 
re lates t o  the mesh s ize of the nodal network. A1 though some effects 
of the r e l a t i ve l y  coarse mesh s ize were detected i n  the temperature 
levels i n  Figure 4.1-3 and i n  the temperature gradients indicated i n  
Figure 4.3-3, the general character o f  the 3-D resu l ts  supports a 
conclusion that  the model was en t i r e l y  adequate for  purposes of t h i s  
study. 
The corresponding 2-0 and 3-0 thermal analyses y ie lded very s im i la r  
resul ts  i n  terms of throat  plane temperature h is to r ies  and throat  
plane isotherm patterns. Furthermore, the ax ia l  temperature d i s t r i -  
butions showed l i t t l e  o r  no ax ia l  temperature gradients i n  the immediate 
v i c i n i t y  o f  the throat  planes. Thus, assuming the use of appropriate 
6.0 (Con t i nued) 
boundary condit ions, i t  appears t h a t  a 2-0 analysis i s  cdpable of accurately 
p red ic t ing  thermal response a t  the th roa t  plane. The boundary condit ions 
f c r  t h i s  stud], however, vary a x i a l l y  and the in f luence o f  boundary 
values a t  planes other than the th roa t  plane upon chamber res. m e  a t  the 
th roa t  plane was impossible t o  p red i c t  wi thout  a 3-D analysis. These 
fac ts  appear t o  preclude the d e f i n i t i o n  o f  a r  sppropriate se t  of 
e f f e c t f  ve th roa t  plar\e lmmh, condit ions f o r  2 - 0  analysis.  Thus, 
the credi b i  1 i t y  of a two-dimensitma1 approach remai ns questionable. 
The f i n i  te-element mod21 was desigfied t o  simulate as c lose ly  as possib le 
the behavior o f  the st ructure.  ] i s  requirement determined the mesh 
s ize  and type o f  e l ,ment  &ed ,rl the analysis.  Gecause o f  loading 
condit ions (temperatures and pressures) and conf igurat ion,  the 3-D 
quadrat ic isoparametric element was requi red f o r  t h i s  study. R e s ~ l  t s  
o f  Section 5.1 ind ica te  the accuracy provided by the r e l a t i v e l y  coarse 
mesh o f  complex elements. The use o f  complex elements was a lso warranted 
by economir considerations. I n  3-0 problems o f  t h i s  nature, as impl ied 
i n  Section 5.1, the complex element presents a considerable economic 
advantage over simple ( l i n e a r )  elements. It was a lso  shown i n  Secl ion 5 
t h a t  3-0 models are more appropriate than 2-0 t o  these cy l inders because 
measurable extensional and shearing s t ra ins  along a1 1 three coordinate 
axes w i  11 be present a t  the th roa t  plane dur ing the rnajcr p o r t i c -  of 
the cycle; although the maximum e f f e c t i v e  s t r a i n  dur ing heat ing 
coincided w i th  a condi t ion of plane-strain, the s i d u a l  ef fect ive 
s t r a i n  included nonzero values o f  a1 1 three components of d i r e c t  
s t ra in .  Thus the e f fec t  ive s t r a i n  range o f  the cvc le can be determined 
only  w i th  the 3-D model. I t  was noted t h a t  res idual  e f fec t ive  s t ra ins  
predicted by the 2-D p lane-st ra in models were s i g n i f i c a n t l y  l a rge r  
tha , the 3-3 values, and i n  general, the 2-D e f f e c t i v e  ranqes of s t r a i n  
were l a rge r  than the 3-0 resu l ts .  
The most s i g n i  f i c a n t  reason fo r  comparable behavior i n  the 2-D and 3-D 
models of 8.2 appears t o  be 1 he i n f l  uence o f  , !! closeout wa l l  on inner  
wa l l  displacement. The r e l a t i v e l y  t h i c k  EFCu outer  wa l l  . ' t h  greater  
6.0 Conti nued) 
s t i f f n e s s  than the OFHC inner  wal'! I ~ D O S ~ ~  more cons t ra in t  on the  B.2 
inner  wal l  than i n  conf igwat ions  0.1 and 8 . 3 .  This cons t ra in t  was 
character ized by the +oformat;.,ns o f  the heated 2nd outer  surfdces 
of the cyl i r lder.  For example, a t  t ime = 0.15 second a f t e r  s ta r tup  the 
a x i z l  displacement between the s ta t ions  located 3.8 rml e i t h e r  sidc o f  
the th rod t  plane was ~ n l y  0.0015 mm greater  a t  the heated surface than 
the cuter  surface o f  8.2. The corresponding d i f fe rence i n  3.1 (which 
was subject ' t o  the same loading) was 0.012 mn. Thus. the B.l inner  
wa l l  w i t h  higher v i e l d  strengths and higher tangent ~nodl l l i ,  tended t o  
govern s t ruc t i l r a l  behavior. The r e l a t i v e l y  f l e x i o l e  inner  v a l l  o f  B.  2, 
on the ~ t h e r  hand, was constrained by the outer  wal l  which was th icker ,  
cooler, and had higher mechan7cal y o p e r t i e s .  Obviously :election o f  
the clnseout ~ a l l  mater ia l  and i t s  geometry h c ~ e  a s i g n i f i c a n t  e f f e c t  
on s t ruc tu ra l  behavior and fat igue l i f e  o f  the inner  wa l l .  
The descr ip t ion  o f  mater ia l  charac ter is t i cs  i s  important i n  t ha t  t t e  
data must define mater ia l  bchavior i r  a given r Ange o f  temperature, 
s t r a i n  and s t r a i n  mate. Thus, the c o n s t i t u t i t i v e  data are intended 
on:y t o  describe a 1 i m i  ted  number o f  physical phenomena decided a t  the 
outset f o r  a g iver  materi; 1 .  Unfortunately, ava i lab le  mater ia ls  data 
d l d  no t  include al: the information necessary t o  character ize the t h r u s t  
chamber. For example, s t ress-s t ra in  hysteres is  loops necessary f o r  de f in ing  
hardening charac ter is t i cs  were not  avai lab le.  Thh;, s t a t i c  monotonf c 
s t r e j s - s t r a i n  curves were used, and no i s o t r o p i c  hardening o r  chnge  
i n  kinematf c I-:-"?ning from cycle-to-cycle was assumed f o r  the h igh s t r c i n  
rates expected i n  the c r i t i c a l  regions df  the chambor. The use o f  the 
monotonic s t ress-s t ra in  curves  roba ably r zs i l l t ed  i n  scmewhat l a rge r  than 
actual i n e l a s t i c  s t ra ins  because copper y i e l d  strengths and moduli 
probably increase w i  t n  increasing rates o f  - ,rain. Gater ia l  pi opert ies 
derived from laboratory t e s t  condi t!ons which more c lose ly  sitnulate the 
hiqh tmperature-h igh s t r a i n  r a t e  t h r u s t  chamber cyc le would provide 
data f o r  grecter  confidence i n  predic ted thrus; chamber behavior. 
I I 1 
6.0 (Con ti nued) 
Obviously the interpretation o f  lm+cycle fatigue data and determination 
o f  the l i f e  prediction curve w i l l  have a s ign i f icant  effect on the pre- 
dicted l i f e  o f  the structure. For example, a 20 percect v e r t i c i l  s h i f t  
o f  the curve for 1/2 hard h n i r c  (Figure 3.1-8) results i n  a 50 percent 
increase i n  l i f e  a t  a stratn range of 2 percent. Even more important 
i s  the slope of the l i f e  prediction curve. 
Although creep damage was Insigni f icant i n  the plug nozzle chamber, 
as temperatures and burn times increase Creep would probably have a 
measurable effect on low-cycle f a t l w e  l i f e .  Creep data f o r  t h i s  
study were very 1 i m i  ted. Accurate assessment o f  cycl i c creep behavior, 
especially under more severe tonditions, can be achieved only i f  
appropriate test  data are available to  characterize f i r s t  and second 
stages o f  creep. 
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TWO-DIMENSIONAL L I F E  PREDICTION 
ANALYSIS OF CONFIGURATION B. 2 

TOT9L NUMBER OF ELEMENTS = 281 
TOTAL NUMBER OF NODES = 174 
TOTAL NUMBER OF FREEDOMS = 348 
PLUG NOZZLE OUTER CYLINDER 2-0 F I N I T E  ELEMENT MODEL 
SHOWING ELEMENT IDENT IF ICAT ION NUMBERS 
PREDICTED 2-DIMENSIONAL TEMPERATURES AND STRAINS FOR 










. 1 ,665 
1 .68G 
*CUMULATIVE STRAINS (%) TEMP. 
( O R )  
4: 9 
4 2 4  
4 1  2 
4 1  8 
346 
3 5 4  
3 3 3  
343 
2 8 2  
2 9 0  
2 7 2  
2 8 3  
2 1  2 
2 1  8 
2 0 6  
21  3 
1 6 5  
168 
160 
1 6 5  
5 0  
5 0  
5 0  
5 0  
1 0 7  
1 04 
9 7  
9 4  
244 
235  
1 9 6  
1 8 2  
*COMPONENT STRAINS DO NOT INCLUDE THERMAL STRAIN. SUBSCRIPTS r , 8, z 
DENOTE RADIAL, TANGENTIAL AND AXIAL STRAINS RESPECTIVELY. TIME ORIGIN 
7 'HE BEGINNING OF I N I T I A L  CHILLDOWN, THE CUMULATIVE THERMAL STRAIN I S  
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ELEMENT TIME CUMULATIVE STRAINS (%) TEMP. 
b e d  i r €0 E z 'ef f  ( O R !  
, 1 3.900 0.23 -.I9 .40 .41 50 
10 t o  -. 15 - ,29 .40 .42 50 
131 5.150 -.28 -.20 .40 .43 50 






















































































































































































































TIME FROM BEGINNING OF START TRANSIENT, SECONDS 
FIRST CYCLE EFFECTIVE CREEP STRAIN FROM 2-0 ANALYSIS 
OF CONFIGURATION 8.2 
L... ... --I-- MERTED SURFACE OF INNER UALL U -H- 4 
1 o2 1 o3 
CYCLES TO FRACTURE 
PREDICTED LOW-CYCLE FATIGUE LIFE FROM 2- DIMENSIONAL 
ANALYSIS OF THROAT RARE REGION OF CONFIGURATION 8.2 
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